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0001-8686/© 2018 The Authors. Published by Elsevier B.Va b s t r a c ta r t i c l e i n f oAvailable online 27 June 2018 PAMAM dendrimers have been conjectured for a wide range of biomedical applications due to their tuneable
physicochemical properties. However, their application has been hindered by uncertainties in their cytotoxicity,
which is inﬂuenced by dendrimer generation (i.e. size and surface group density), surface chemistry, and dosage,
as well as cell speciﬁcity. In this review, biomedical applications of polyamidoamine (PAMAM) dendrimers and
some related cytotoxicity studies are ﬁrst outlined. Alongside these in vitro experiments, lipid membranes such
as supported lipid bilayers (SLBs), liposomes, and Langmuir monolayers have been used as cell membrane
models to study PAMAM dendrimer-membrane interactions. Related experimental and theoretical studies are
summarized, and the physical insights from these studies are discussed to shed light on the fundamental under-
standing of PAMAM dendrimer-cell membrane interactions. We conclude with a summary of some questions
that call for further investigations.
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Diameter (D), radius of gyration (Rg) and zeta potential of PAMAM dendrimers (G0–10)
measuredusing DLS, SAXS, nano-ES-GEMMA(electrospray gas-phase electrophoreticmo-
bility molecular analyser), TEM and MD simulations.
Generation Theoretical no.
of NH2 groups
D (nm) Rg (nm) Zeta
Potentialb
(mV)
TEMa DLSb nanoES-
GEMMAc
SAXSd MDe
0 4 0.493
1 8 0.746
2 16 3.3 0.917
3 32 3.1 1.58 1.123 43.3
4 64 4.2 4.3 1.71 1.45 34.6
5 128 4.3 5.5 5.1 2.41 1.834 43.3
6 256 6.9 7.5 6.4 2.63 2.24 46.2
7 512 8.0 7.6 3.19 2.909
8 1024 4.03 3.642
9 2048 12.4 11.2 4.92 4.603
10 4096 14.7 14.0 5.74 5.519
a [20].
b [21].
c [22].
d [23].
e [24].1. Introduction
1.1. Application of nanoparticles and nanomaterials
Nanoparticles are increasingly incorporated in modern applications
ranging from biosensors [1] to food additives [2], and many fundamen-
tal studies have been dedicated to the properties of nanoparticle disper-
sions [3]. The physicochemical properties of nanoparticles, such as
reactivity, melting point and conductivity, are different from those of
the bulkmaterial and can be exploited for enhanced product functional-
ity and performance. Concurrently, it also poses profound challenges
due to uncertainties associatedwith the biocompatibility and cytotoxic-
ity of nanoparticles and nanomaterials, particularly in biomedical appli-
cations. A key consideration here is related to how nanoparticles
and nanomaterials enter cells, either by endocytosis or passive, non-
endocytic mechanisms. Endocytosis is any energy dependent uptake
mechanism and includesmicropinocytosis, clathrin-dependent endocy-
tosis, caveolae and clathrin- and caveolin- independent mechanisms all
with different proceeding intracellular pathways [4]. Understanding
cellular entry of nanoparticles is also essential to their potential applica-
tions such as targeted drug delivery andmedical imaging [5]. However,
our understanding of cytotoxicity of nanomaterials and nanoparticles,
particularly how they impart interactions with cell membranes,
remains limited [6].
1.2. Dendritic nanoparticles
Dendrimers are branched polymeric nanoparticles, and have been
investigated for a range of biomedical applications [7, 8] such as drug
[9] and gene delivery [10], due to the possibility for precise control
over their physicochemical properties. Their size, shape and surface
charge can be tuned for bypassing the cellular membrane [11, 12],
forming complexes with DNA [13, 14], and solubilising hydrophobic
drugs [9]. It is this precise control over the physicochemical properties
that makes dendrimers unique among other nanoparticles, such as
polymer and surfactant micelles [15, 16], also of interest for biomedical
applications.
Dendrimers are made up of layers of dendrons (i.e. concentric
branching units) radiating from a central initiator core, where each
layer is termed a generation (G) [17]. Highly monodisperse dendrimers
can be synthesised, and the reactive end groups allow for additional
functionality. The choice of the initiator core can also help to determine
the dendrimer structure, such as the number of dendron branches and
the size and number of the cavities within a dendrimer. There are over
100 families of dendrimer particleswith different initiator cores, includ-
ing carbon, nitrogen and phosphorus, as well as different branching
units and multiplicities [18]. A small number of dendrimer products
are available on the consumer market, for example VivaGel® which
consists of a G4 polylysine dendrimers that is used for bacterial vagino-
sis treatment and protection against HIV [19].
1.3. PAMAM dendrimers
First reported by Tomalia et al. in the 1980's, PAMAM dendrimers
were the ﬁrst complete family of dendrimers to be synthesised and
commercialised and are one of the most studied. The diameter (D) of
PAMAM dendrimers ranges from 1 nm to 14 nm (or correspondingly
from G0 to G10) measured using TEM, DLS, nanoES-GEMMA(electrospray gas-phase electrophoretic mobility molecular analyser),
SAXS and molecular dynamics (MD) simulation, presented in Table 1
[17], as well as their radius of gyration (Rg) and zeta potential (where
applicable).
Either ethylenediamine (EDA), ammonia (NH3) or cystamine is used
as the initiator core, providing different numbers of possible branches
(multiplicities) as shown in Fig. 1(a). The interior generations are
made sequentially from N-(2-aminoethyl) acrylamide via a two-step
process. The ﬁrst step is the addition of methyl acrylate to a core
amine group and the second step is amidation of the resulting esters
with EDA. Half-generation dendrimers can be made by terminating
this process after step 1, resulting in terminal ester groups [25]. The
geometrically progressive growth results in the linear increase of the
particle diameter at an increment of ~1 nm, an exponential increase in
reactive terminal end groups and approximately a doubling of the
molecular weight (MW)with each new dendrimer generation. The ter-
minal amine groups can be functionalised in a variety of ways, most
commonly with hydroxyl (OH), carboxylic acid (COOH) [26] or conju-
gation to hydrocarbon chains and PEG [27].
2. Applications of PAMAM dendrimers
2.1. Cargo and drug delivery
In 1990, electron micrographs [28] revealed that some PAMAM
dendrimers had hollow cores. Since then, it has been shown that G4-6
PAMAMdendrimersmimic the topology ofmicelles and their accessible
interiors could be used to encapsulate small guest molecules, such as
hydrophobic drugs [29]. The open,ﬂexible structure of lower generation
dendrimers (G0–3) and the rigid surface of high generation dendrimers
due to steric branch crowding (G7–10) provided less efﬁcient encapsu-
lation [30]. Both the core size and surface ‘congestion’ affected the size
of the cargo space, and the encapsulation and release properties could
also be tailored depending on the bulk solution conditions such as
pH, polarity and temperature [31]. For example, PAMAMhas been com-
bined with tris(hydroxymethyl) amino methane (TRIS) to bind various
Fig. 1. Biomedical applications of PAMAM dendrimers. (a) The branched structure of PAMAM dendrimers with examples of the size of various generations taken from Porianazar et al.
(b) Gadolinium (Gd) particles encapsulated in PAMAM cavities can be used as dual-contrast agents in MRI imaging. The efﬁciency of PAMAM as MRI agents depends upon the
generation of the dendrimer. The MRI image on the right shows darker contrast in the kidneys (red ovals) 30min after injection of G4.5-Gd conjugates (adapted with permission from
[48] Copyright 2017 American Chemical Society). (c) DNA can complexwith the positively charged terminal groups on PAMAMwhich has shown to increase transfection. Confocal images
(adapted with permission from [38] Copyright 2011 American Chemical Society) demonstrate the localisation of PAMAM-DNA conjugates in the cell nucleus. (d) PAMAM can be used as
drug delivery vehicles by encapsulation of drugs in the interior cavities or covalent/electrostatic attachment of drugmolecules to their periphery. PEG functionalisation is found to decrease
PAMAM cytotoxicity and increase circulation times, as discussed by Choudhary et al. (e) The functionalisation of PAMAM periphery amine groups with carbohydrates and folates has
shown to result in cell-speciﬁc targeting, as demonstrated by Bezouška et al. and Konda et al. (f) PAMAM dendrimers with\\OH,\\COOH and\\NH2 terminal groups have demonstrated
antimicrobial properties towards E. coli resulting in cell lysis as shown in SEM images (adapted with permission from [26]. Copyright 2010 Elsevier).
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In addition to encapsulation in the dendrimer interior, the terminal
functional groups at the dendrimer periphery can be used for complex-
ation and conjugation of larger molecules. For instance, drug moleculesand targetingmoieties have been covalently attached to dendrimer sur-
faces [29]. The reactive amine groups on the PAMAMdendrimer periph-
ery have also been functionalised with folates [33] and carbohydrates
(coined glycodendrimers) [34] for cell speciﬁc targeting.
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Haensler and Szoka reported in 1993 [35] that DNA-PAMAMdendri-
mer complexes showed high transfection efﬁciencies for mammalian
cells. The most promising complexes were formed with amino-
terminated, lowgeneration dendrimerswhichwere thought to enhance
endocytosis of DNA into the nucleus. These complexes were formed
between PAMAM dendrimers and DNA through electrostatic interac-
tions of the negative phosphate groups of DNA and the positive dendri-
mer terminal amino groups, depicted in Fig. 1(c). Dendrimer-mediated
transfection efﬁciency was found to depend on the dendrimer/DNA
ratio as well as the dendrimer generation [36, 37]. The structural ﬂexi-
bility of the dendrimer due to the core-type/multiplicity was also
found to play an important role in complexation and transfection [38].
Modiﬁcations to the dendrimer surface, such as attaching sugar mole-
cules (cyclodextrins) [39] and hydrophobic dye molecules (Oregon
green 488) [40], have been found to improve transfection efﬁciency;
however, the underlying transfection mechanisms are still unclear.
However, the molecular mechanisms underlying complexation
between short doubled stranded RNA (siRNA) and PAMAMdendrimers
have been described by Pavan et al. [41] using molecular simulation,
NMR and electrophoresis assays. Electrostatic complexation of anionic
DNA with cationic dendrimers has also been shown to result in the for-
mation of DNA-linked PAMAM nanoclusters as described by MD simu-
lations by Madal et al. [42]. Conti et al. [43] used similar siRNA-G4
PAMAM complexes to develop an oral inhalation formulation to silence
genes in lung alveolar epithelial cells, towards the treatment of pulmo-
nary disorders including lung cancer and cystic ﬁbrosis.2.3. Imaging agents
PAMAM dendrimers have also been conjectured as scaffolds for
magnetic resonance imaging (MRI) contrast agents [44, 45], shown in
Fig. 1(b), to improve contrast and decrease required dosage. Paramag-
netic chelates are known to increase the relaxation rates of surrounding
protons, and are widely used in MRI; however, they are rapidly cleared
from vascular space. Large doses of these chelates are required to
improve relaxation rates, which has resulted in concerns about metal
ion toxicity. Conjugating these chelates to scaffolds, such as PAMAM
dendrimers, reduces the dosage required for imaging, aswell as improv-
ing their efﬁciency. The improved efﬁciency of these conjugates as
imaging agents is due in part to changes in their pharmacokinetics.
The retention of these conjugates in tissue is dependent upon the gen-
eration, charge and functionality of the dendrimers. Dendrimers with
higher molecular weight were found to diffuse more slowly through
the blood, which in turn increased their retention and effectiveness as
imaging agents. Increasing dendrimer generation was also found to im-
prove relaxivity because more chelates could be bound to dendrimers
with larger numbers of terminal groups.Wiener et al. found that higher
generation ammonia-core dendrimers (G6) conjugated to the chelate
2-(4-isothiocyanatobenzyl)-6-methyldiethylenetriaminepentaacetic
acid were more efﬁcient MRI contrast agents than those conjugated to
G2 dendrimers [46]. In 1999 Bryant et al. continued this investigation
for higher generation dendrimers. They found a limit in the improve-
ment of the relaxivity for dendrimers of generation 7 and above. This
relaxivity limit was thought to be due to the slow water exchange of
bound water molecules with the bulk solvent [47]. Mekuria et al. have
very recently demonstrated that trapped Gadolinium oxide nanoparti-
cles in PEGylated G4.5 PAMAM dendrimers could be used as dualMRI
contrast agents which showed greater signal responses than currently
used clinical agents [48]. Dual contrast agents can be used to improve
clinical diagnosis, since single modal signals can give false positive
diagnosis of lesions due to background signals in neighbouring tissues.
However, bioaccumulation of these dendrimer-conjugates in organs
remains an issue, limiting their clinical applications [49].2.4. Antimicrobials
PAMAM dendrimers have also been shown to exhibit antimicrobial
properties, or improve the effectiveness of existing antimicrobials via
conjugation, and their efﬁcacy seems to depend on the dendrimer
size/generation, surface chemistry and concentration, aswell as the bac-
teria type due to the composition and structure variations of gram-
negative and gram-positive bacteria [50].
Calabretta et al. [51] and Lopez et al. [52] demonstrated
concentration-dependent antibacterial properties of amine terminated
PAMAM dendrimers (G3 and G5). With positively charged amine
groups, they preferentially bound to bacterial membranes which have
a higher charge density than eukaryotic cells. PEGylation was thought
to shield the terminal amino groups, resulting in decreased binding
and thus decreased membrane interactions. However, it was found
that PEGylation of PAMAM reduced toxicity to gram positive bacteria
and human corneal epithelial cells (HCECs) but not to gram negative
bacteria. It was also found that there was no difference in the antibacte-
rial properties of the G3 and G5 dendrimers, despite the increase in
charge density of G5.Wang et al. [26] studied the effect of surface chem-
istry of PAMAM dendrimers (with –OH, –COOH and -NH2 terminal
groups) on their antibacterial activity against E. coli and their toxicity
to human cervical epithelial cells. All the dendrimers had high antibac-
terial activity against E. coli; however, NH2-terminated dendrimers
were also cytotoxic to the mammalian cells, where OH-terminated
dendrimers were cytotoxic at concentrations of 1 mg/mL.
Despite the large number of studies, the application of dendrimers in
biomedicine remains hindered due to a lack of understanding of the
relationship between PAMAM dendrimer physicochemical properties
and the mechanism of their cellular uptake and cytotoxicity. The varia-
tions in cell response found in cytotoxicity studies, due to different
physicochemical properties of dendrimers, and the possible underpin-
ning fundamental interactions are discussed below.
3. Cytotoxicity and uptake of PAMAM dendrimers
3.1. Cellular uptake mechanisms of PAMAM dendrimers: endocytosis vs.
passive diffusion
The mechanisms of dendrimer cellular uptake have been shown to
vary considerably with their generation, functionalisation and concen-
tration, although the exact roles of these parameters – individually
and collectively – remain unclear. Cellular uptake and intracellular
transport is known to be dependent on the dendrimer surface charge
and the cell type. The intracellular fate of dendrimers depends on the
mechanisms of their cellular uptake, where the size of vesicles, the
type of proteins involved and the cell type in which they are found
can vary considerably.
Albertazzi et al. [53] studied the impact of dendrimer surface chemis-
try (cationic, neutral andhydrophobic/lipidated) and size (G2, 4 and6) on
the uptake mechanisms by cervical cancer (HeLa) cells. The membrane
afﬁnity of the dendrimers was found to depend upon their generation
or the amount of positive charges on their periphery (G6 > G4 > G2)
which could be decreased by acetylation or increased by lipidation.
Increased membrane afﬁnity was also linked to increased cytotoxicity.
The uptake of G4 cationic dendrimers was also compared between
different cell types (HeLa, hepatocarcinoma (HepG2), neuronal-like
(PC-12), lung ﬁbroblast (MRC5)). Similarities were observed between
the uptake mechanisms of HeLa and MRC5 cells whereas HepG2
showed stronger, faster uptake and PC-12 showed high membrane
afﬁnity but the slowest uptake.
Perumal et al. [54] studied the uptakemechanisms of G4 cationic and
neutral PAMAM dendrimers as well as G3.5 anionic dendrimers into
lung epithelial cells (A549), known to possess negative charges. The
cell uptake was highest for cationic dendrimers which plateaued after
1 h, likely due to strong electrostatic interactions. The cationic and
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caveolae mediated endocytosis, whereas anionic dendrimers were par-
tially taken up by caveolae in the A549 cells. This observation was in
contrast to a study by Kitchens et al. [55] who observed co-localisation
of dendrimers with clathrin markers in Caco-2 cells. El-Sayed et al. [56]
found that low-generation dendrimers crossed Caco-2 cell monolayers
faster than high-generation dendrimers, and that the uptake amount
varied linearly with the dendrimer concentration and incubation time,
consistent with an endocytosis uptake mechanism.
Whilst endocytosis is reported to be themain cellular uptake mech-
anism of PAMAM dendrimers, passive diffusion may still play a part in
this process. Recently, the in vitro uptake mechanisms of PAMAM
dendrimers were investigated for non-cancerous human keratinocyte
(HaCaT) cells byMaher and Byrne [57]. Endocytosis [6] was the primary
mechanism for the uptake of G4 and G6 PAMAMdendrimers, identiﬁed
by ROS production and dendrimer localisation in themitochondria after
their escape from endosomes, using MTT and Alamar Blue dye-based
assays. This intracellular pathway was consistent with that reported
by Mukherjee et al. [12]. After the HaCaT cells were treated
with DL-buthionine-(S,R)-sulfoximine (BSO) to increase membrane
permeability, the dendrimers were taken up passively. The dendrimers
were found to act as antioxidants in the cytosol when taken up
passively, rather than producing ROS. This shows that the cytotoxic
response was inﬂuenced by the cellular uptake pathway, which in
turn was inﬂuenced by dendrimer-membrane interactions.
Manunta et al. [58] found the removal of cholesterol from the plasma
membrane resulted in a drastically decreased transfection efﬁcient of
genes delivered by cationic dendrimers. This showed that amine-
terminated dendrimers interactedwith cholesterol in the plasmamem-
brane during endocytosis. This is one of several proposed endocytosis
routes and highlights the importance of membrane composition on
uptake dynamics.
3.2. Cytotoxicity of PAMAM dendrimers
PAMAM dendrimers have been shown to produce different cyto-
toxic responses from cells depending upon the dendrimer generation,
concentration and surface chemistry. G4 are the most widely studied
PAMAM dendrimers, with a diameter comparable to the thickness of a
cellular membrane (~4.5 nm). These dendrimers have also been
shown to encapsulate small guest molecules, making them suitable for
a range of biomedical applications [59]. The responses of many cell
types to PAMAMdendrimers have been evaluated using a variety of tox-
icity assays that investigate cell death,metabolism, enzyme leakage and
DNA damage [11, 60–63]. Examples of recent cytotoxicity studies are
summarized below in Table 2.
In 2010, Mukherjee et al. investigated the interaction between G4–6
PAMAM dendrimers and dermal (HaCaT) and colon (SW480) cell lines
using cell viability assays including Alamar blue, MTT and Neutral red
[11, 12]. It was found that toxicity varied between cell types as well as
with dendrimer generation and concentration. PAMAM dendrimers
were discovered to localise in mitochondria and produce reactive oxy-
gen species (ROS) resulting in DNA damage and cell death. The cationic
PAMAM dendrimers entered the cell through endocytosis and were
transported in endosomes and localised in mitochondria. The
dendrimers increased the internal pH of the mitochondria because of
an acid-base equilibrium reaction between secondary amines and
their conjugate base, resulting in the production of ROS. The differences
in the toxic responses by different cell types when exposed to PAMAM
dendrimers could be a result of different cell-membrane compositions
or cell anti-oxidant levels that combat ROS production. DNA damage,
measured using a TUNEL (Terminal deoxynucleotidyl transferase
(TdT) dUTP Nick-End Labelling) assay, was shown to increasewith den-
drimer generation, possibly due to the corresponding increase in charge
density which promotes dendrimer binding to negatively charged
DNAs. Such strong interactions between DNA and PAMAM dendrimers[14] have also made them of interest for gene delivery applications
[67] as discussed in Section 2.2.
Particle size and zeta potential measurements by Mukherjee et al.
[11, 12] indicated signiﬁcant adsorption of protein on PAMAM
dendrimers in growth media, with the adsorbed amount increasing
with the dendrimer generation. The formation of such a protein corona
has been shown to signiﬁcantly alter interactions between dendrimers
and cellular membranes. For example, Halets et al. showed interactions
between G4 dendrimers (with 25% of terminal groups modiﬁed with
carbon chains) and blood proteins reduced their toxicity towards red
blood cells [64]. Naha et al. found the zeta potential of cationic
dendrimers changed from positive to negative in growthmedia, indica-
tive of the formation of a protein corona. Similarly, Naha et al. also found
generation-dependent toxicity for cationic PAMAMdendrimers towards
mouse macrophage cells (J774A.1), and that the production of ROS in
the toxicity pathway was followed by an inﬂammatory response [60].
The surface chemistry of dendrimers has been found to inﬂuence
their cytotoxicity. Differences in toxicity have been observed for
PAMAM dendrimers functionalised with hydrophobic [61, 64], PEG
[51, 52],\\OH [68] and pyrrolidine [66] terminal groups. In 2012,
Albertazzi et al. investigated the effect of hydrophobic chain functional-
isation on the cytotoxicity of G4 PAMAM dendrimers interacting with
primary neuronal cultures and the central nervous system (CNS) of
animals [61]. They found that nanomolar quantities of G4 PAMAM
dendrimers with 25% of terminal groups modiﬁed with carbon chains
(G4-C12) resulted in apoptosis (cell death), whereas the same quantity
of G4 PAMAM, without additional functionality, is non-cytotoxic. It was
also found that G4 PAMAM could diffuse through the brain parenchyma
whereas G4-C12, due to its lipophilic nature, could not. These diffusion
characteristics make PAMAM dendrimers of interest for neural drug
delivery, where they could be used to help therapeutics pass the
blood-brain barrier (BBB) [69].
Hong et al. used Luciferase (Luc) and Lactate dehydrogenase (LDH)
enzyme leakage assays to evaluate damage to the cellular membranes
of human epithelial carcinoma (KB) and rat ﬁbroblast (Rat2) cell lines
when exposed to G5 PAMAM dendrimers with and without acetamide
functionalisation [65]. Enzyme leakage was shown to increase with G5
PAMAM dendrimer concentration for both cell lines; however, when
the terminal groups of the dendrimers were functionalised with
acetamide, no leakagewas observed. The charge neutrality of acetamide
terminated dendrimers reduced their toxicity and ability to transfect
cells. This demonstrated the importance of dendrimer surface charge
on interactions with cellular membranes. The functionalisation of the
terminal amine groups with PEG was also found to reduce toxicity by
Calabretta et al. [51] and Lopez et al. [52].
In summary,multiple studies have shown that a large number of fac-
tors affecting PAMAM cellular uptake and trafﬁcking and conﬂicting
conclusions exist regarding different pathways and the subsequent
cytotoxic response [70]. It is thus important to understand the under-
pinning interactions between the dendrimers and cellular membranes.
The complexity of the membranes, consisting of hundreds of different
lipids with different headgroups and chain lengths alongside various
proteins and carbohydrates, makes it difﬁcult to study such interactions
in vivo. Consequently, simpliﬁed membrane models have been devel-
oped so that the physical properties of themembrane such as elasticity,
thickness and lipid ordering can be studied in the presence of
dendrimers. These models are also used widely for the study of the cel-
lular uptake of other nanoparticles such as gold, silver, silica and carbon
nanotubes (e.g. see a recent review [6]).
4. Interactions between PAMAMdendrimers andmodel membranes
Since the development of the ﬁrst Langmuir-Blodgett trough in the
1920's, modelmembranes have since been developed by several groups
to explore interactions between lipid molecules and proteins, pharma-
ceuticals and nanoparticles [6, 71] by observing both structural and
Table 2
Recent cytotoxicity studies of PAMAM dendrimers.
Size Dendrimer
surface
functionality
Cell Line Assay types Comment Ref
G4–6 NH2 Human keratinocyte (HaCaT) & Colon
cancer (SW480)
Alamar Blue Toxicity increased with dendrimer
generation; SW480 showed greater oxidative
stress, apoptosis, & DNA damage in response
to exposure.
[11, 12]
MTT
Neutral Red & TUNEL
G3–6 NH2 & 25% C12 Red blood cells (RBC) Hemolysis Blood proteins and DNA complexed with
dendrimers and reduced toxicity.
[64]
G4–6 NH2 Mouse macrophage (J774A.1) Alamar Blue, MTT, Intracellular Toxicity (ROS production & inﬂammatory
response) increased with dendrimer
generation.
[60]
ROS generation, MIP-2, IL-6, & TNF-α
G4 NH2 & 25% C12 Mouse primary neuronal cultures &
Central nervous system (CNS) of live
mice
Apoptosis staining Penetration of NH2-dendrimers into brain
parenchyma but not 25% C12-dendrimers;
low toxicity of NH2-dendrimers at nM
concentrations; apoptosis due to 25%
C12-dendrimers
[61]
Immunostaining & TUNEL
G5 & G7 NH2, Acetamide &
Folic Acid
Human cervical cancer (KB) & Rat
ﬁbroblast (Rat2)
Luc, LDH, & Temp dependent dye
diffusion
G5 dendrimer-induced membrane
permeability was reversible; acetamide
functionalisation reduced toxicity; at 6 °C no
enzyme leakage was observed for G5 NH2 but
is for G7 NH2.
[65]
G5 NH2 & 43% PEG P. aeruginosa MTT NH2-dendrimers showed antimicrobial
efﬁcacy; PEG coating reduced toxicity to
gram-positive bacteria.
[51]
S. aureus
G3 & G5 NH2 & (6–84%) PEG P. aeruginosa, S. aureus & human corneal
epithelial cells (SV40-HCEC)
Minimum inhibitory concentration
(MIC) & MTT
No change in toxicity was observed for
different dendrimer generations; 6%-PEG
coated dendrimers decreased toxicity to
gram-positive bacteria and host HCEC cells
but maintained high toxicity to
gram-negative bacteria.
[52]
G4 NH2 & Pyrrolidine Chinese hamster ﬁbroblasts (B14),
embryonic mouse hippocampus
(mHippoE-18) & rat liver (BRL-3A)
MTT, ROS generation, Mitochondrial
membrane potential & Apoptosis
Pyrrolidine functionalisation reduced toxicity
towards all three cell lines.
[66]
G3.5 & G4 NH2 & OH Chinese hamster ovary (CHO) & human
ovarian carcinoma (SKOV3)
MTT, ROS generation, Antioxidant
activity (ABTS), Mitochondrial
membrane potential & AO/EB
staining
μM quantities of cationic G4 reduced viability
to below 50%; anionic G3.5 was much less
toxic.
[62]
G4 NH2 Human lung cells (WI-26 VA4) Gene expression, RNA Expression
(RT-PCR), Mitotracker,
Mitochondrial membrane potential,
MTT, Cytochrome C & TUNEL
Cell viability was decreased in a dose
dependant manner; Damaged mitochondria
resulted in apoptosis.
[63]
G5 NH2 & Lauric,
Myristic, Palmitic
fatty acids
Mesenchymal stem cells Cellular uptake (FACS), Gene
delivery & Cell viability (Rezasurin
reduction assay)
Improved gene delivery and decreased
cytotoxicity was observed for dendrimers
with fatty acid conjugation, with the highest
efﬁciency observed for dendrimers with
shortest hydrophobic chains.
[67]
G4 & G6 NH2 Human keratinocyte (HaCaT) with BSO
treatment
Alamar Blue, MTT & ROS generation BSO showed increased membrane
permeability and therefore increased passive
uptake which depended on dendrimer
generation. Passive uptake of dendrimers
decreased oxidative stress, with the
dendrimers acting as antioxidants.
[57]
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include lipid monolayers (ﬁrst studied by Langmuir and Blodgett
[72–74]), mesophases [75, 76], bilayers [76, 77], multilayers, vesicles/
liposomes [78] and computational models [79] (Fig. 2). These models
can mimic the structural organisation of cellular membranes as well as
the charge by varying the lipid composition. Lipids can have a number
of different charged headgroups (e.g. phosphatidylethanolanmine
(PE), phoshatidic acid (PA), phosphatidylglycerol (PG), phos-
phatidylinositol (PI)), as well as have carbon-chains of different
lengths and saturation degrees. This variation results in different charge
densities, chain ﬂuidities and liquid crystalline phases. Due to the wide
variety of cellularmembranes present within a cell (plasmamembrane,
organelles, and nucleus) and between different cell types, there is no
‘one size ﬁts all’model. However, by varying composition, combining
several of these models, and using a range of characterisation
techniques, it has been possible to gain physical insights into the funda-
mental interactions between dendrimers and lipid membranes. The use
of thesemodels allows both qualitative and quantitative comparisons ofPAMAMdendrimerphysicochemical propertieson interactionswith cell
membranes of varying properties, which we brieﬂy review below.
4.1. Interactions between PAMAMdendrimers with supported lipid bilayers
(SLBs)
Supported lipid bilayers (SLBs) are well suited for studying the
dendrimer-membrane interactions, as they lend themselves readily to
quantitative analysis using a range of surface sensitive techniques
such as X-ray and neutron reﬂectivity (XRR and NR) [14, 80, 81], atomic
force microscopy (AFM) [82–84], ellipsometry [14, 85], quartz crystal
microbalancewith dissipation (QCM-D) [81, 85, 86], NMR [87], differen-
tial scanning calorimetry (DSC) and Raman spectroscopy [88].
Both symmetric and asymmetric bilayers can be formed via the
vesicle rupture method [89] at a solid substrate (e.g. silica [81, 89] and
mica [82, 90, 91]). In addition, SLBs can also beprepared via two sequen-
tial depositions of Langmuir monolayers onto a solid support [83]. The
presence of the solid support could affect the bilayer structure and
Fig. 2.Model membrane systems used for nanoparticle-membrane interaction studies: one lipid leaﬂet (monolayers), two leaﬂets (bilayer) or several stacked bilayers (multilayers).
Liposomes (made up of an enclosed lipid bilayer) and the liquid crystalline phases of lipids (including ﬂuid (Lα), ripple (Pβ) and crystalline (Lc) lamellar phases and hexagonal phase)
can also be used to study the deformation energetics during endocytosis and membrane fusion.
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match between the membrane natural curvature and the ﬂat substrate,
thus affecting lateral molecular diffusion, lipid domain formation and
the reactivity of the SLB.
Cell membranes modulate their lipid phase behaviour by varying
their composition. This results in different crystalline lipid phases,
important for membrane fusion [92–94] and the formation of lipid
rafts (microdomains of one lipid type) [95], conjectured to regulate
membrane signalling and cellular entry [87]. The molecular packing
and thus the bilayer structure can be tuned by using different lipids to
mimic different membranes [83]. An understanding of how the compo-
sition and phase behaviour of lipid membranes inﬂuence interactions
with dendrimers is therefore important in understanding their effects
on cellular processes. This could be readily accessed by using SLBs.
Large areas of defect-free DOPC and DPPC lipid bilayers have been suc-
cessfully created using the vesicle-fusion method, with andwithout the
addition of calcium ions [83]. DOPC and DPPC have different transition
temperatures (−16.5 °C and 41.3 °C, respectively), which means they
are in different phase states at room temperature which can affect
bilayer formation. Table 3 lists several studies of interactions between
SLBs of different compositions and PAMAMdendrimers of different gen-
erations and surface functionalities.
Parimi et al. [97] used optical waveguide light mode spectroscopy
(OWLS) and AFM to study mass and morphological changes of DMPC
(1,2-dimyristoyl-sn-glycero-3-phosphocholine) SLBs in the presence
of NH2 terminated G2, G4 and G6 PAMAM dendrimers as shown in
Fig. 3(a–c). It was found that an increase in the dendrimer concentration
caused the existing defects to expand and encouraged formation of new
holes in the bilayers. Lipids removed from the bilayer in the hole forma-
tion wrapped around the G6 dendrimers, forming aggregates
(dendrisomes) in solution, some of which adsorbed to the exposed sub-
strate, also observed by Mecke et al. [84, 96]. As described by several
other AFM studies [65, 84, 96, 99], higher generation (G4 and G6)
dendrimers caused lipid desorption to a larger extent, compared to
lower generation (G2) dendrimers, due to their increased size and
charge density. Hong et al. [65] and Mecke et al. [84, 96] used similar
systems to study the effect of dendrimer surface functional groups ontheir interactionswithDMPC SLBs. They found that lowgeneration acet-
ylated dendrimers did not initiate pore formation,whichwas consistent
with in vitro results discussed in Section 3. The smaller defects were
found to decrease in size over time, but larger defects fused together
so that they were no longer isolated. Lower generation (G3) of
acetamide- and amine-terminated PAMAM dendrimers absorbed to
bilayer edges rather than removing lipids. Hong et al. [65] cooled
DMPC SLBs to create coexisting regions of a gel and a ﬂuid phase. The
gel phase was unaffected by the presence of dendrimers, whereas the
ﬂuid phase was disrupted. The gel phase has a higher elastic modulus
than the ﬂuid phase and thus would require more energy to deform in
the presence of dendrimers. This result highlights the importance of
crystalline structure on PAMAM-membrane interactions, as also
reported by Mecke et al. [84, 96].
Using differential scanning calorimetry (DSC) and Raman spectros-
copy, Gardikis et al. [88] showed that DPPC SLBs underwent a phase
transition from gel to a liquid-crystalline after a pre-transition stage.
The addition of positively charged amine-terminated G4 and negatively
charged carboxyl-terminated G3.5 PAMAM dendrimers at different
concentrations altered these transitions, attributed to re-organisation
of the lipids in the bilayer. Increased acyl chain ﬂuidity as inferred
from the Raman peak shifts indicated the incorporation of the
dendrimers into the bilayer. Despite being of similar size (~4 nm) and
having the same number of terminal groups,more of theG4 dendrimers
were found to incorporate into the bilayers than the G3.5 dendrimers,
which points to the inﬂuence of the dendrimer surface charge on their
interactions with the zwitterionic lipid DPPC.
Most biological membranes have a net negative charge; therefore, it
is important to understand the inﬂuence of bilayer composition and
charge on PAMAM-membrane interactions. Åkesson et al. [81] used
QCM-D and neutron reﬂectivity (NR) to study interactions between
G6 PAMAM and POPC and mixed POPC/POPG SLBs. NR showed very
low adsorption of G6 PAMAM on the POPC SLBs; however, it suggested
major structural changes in themixed POPC/POPGbilayers attributed to
the attractive interaction between oppositely charged G6 and POPG,
with the data ﬁtted to a structure comprising alternating layers of bilay-
ers and dendrimers. The lipid headgroups and dendrimers could not be
Table 3
Studies of PAMAM dendrimer interactions with SLBs.
Size Dendrimer
surface
functionality
Lipid Technique Comment Ref
G5 & G7 NH2, acetamide & folic
acid
DMPC AFM NH2 dendrimers caused generation-dependent hole formation, and
acetylated dendrimers did not cause hole formation. Gel phase was
unaffected by dendrimers.
[65]
G3-G7 NH2, carboxyl & acetamide DMPC AFM Density of holes in membranes increased with dendrimer concentration
and generation. Aggregation of high generation dendrimers and lipids in
solution formed ‘dendrisomes’.
[84,
96]
G2, G4 & G6 NH2 DMPC OWLS & AFM Higher generation dendrimers caused more pronounced lipid desorption. [97]
G3.5 & G4 NH2 & carboxyl DPPC DSC & Raman
spectroscopy
More G4 dendrimers were found incorporated into bilayers than G3.5. [88]
G6 NH2 POPC,
POPC/POPG
QCM-D & NR Structural changes were observed in mixed bilayers due to attractions
between dendrimers and anionic POPG, and data ﬁtting indicated partial
intercalation of the dendrimers in the membrane.
[81]
G4 NH2 PS/PC QCM-D, NR &
ellipsometry
G4 absorbed to all membrane compositions in a concentration-dependent
manner and translocated through membranes. Increased salt
concentration decreased dendrimer absorption.
[85]
G2, G4 & G6 NH2 POPC NR & ellipsometry Translocation of low generation dendrimers through SLB and partial
destruction of membrane caused by G6
[14]
G5 & G7 NH2 DMPC Solid state NMR Dendrimers decreased the ﬂexibility of acyl chains due to their partial
insertion into membranes.
[87]
G4.5 & G5 NH2 & COONa DPPC-d62/DPPG SFGS Lipid displacement was observed. Cationic G5 caused more disruption
than anionic G4.5. Dendrimers preferentially interacted with the gel
phase.
[98]
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dendrimers or ﬂuctuations in curvature. Yanez Arteta et al. [85] used
the same techniques (QCM-D and NR) alongside ellipsometry to study
the absorption of G4 PAMAMonmixed PS-PC SLBswith different charge
densities due to varying PS/PC composition. G4 dendrimers were found
to adsorb to all the membrane compositions, but the adsorbed amount
depended on the dendrimer concentration, and decreased with the
increasing salt concentration or pH due to the screening effect. G4
dendrimers were also found to translocate through the membranesFig. 3.AFM images of a DMPC SLB 20min after incubationwith (a) G2 (b) G4 and (c) G6 PAMAM
extent of bilayer removal following the order G6 > G4 > G2. G4 and G6 dendrimers were fou
dendrimer-lipid aggregates that were removed from the substrate into solution. For G6 den
dendrimer, or a ‘dendrisome’. AFM images adapted with permission from [97]. Copyright 2008subsequent to adsorption. This result was consistent with the ﬁndings
of Ainalem et al. [14], who showed translocation of low generation
(G2 andG4) PAMAMdendrimers through POPC SLBs using ellipsometry
and NR. Ainalem et al. also found that G6 dendrimers penetrated into
the bilayer, causing partial bilayer destruction. These results indicate
that PAMAMdendrimers can bypass cellular membranes by direct pen-
etration, contrary to many of the results from toxicity assays.
Insertion of dendrimers into the bilayer could cause structural disor-
der, affectingmembrane ﬂuidity. Using solid state NMR, Smith et al. [87]dendrimers. Hole formation and growthwas found to be generation dependant, with the
nd to expand existing defects (dotted lines), this was thought to lead to the formation of
drimers these aggregates were thought to consist of a lipid bilayer wrapped around a
American Chemical Society.
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of DMPC SLBs. Partial insertion of PAMAM dendrimers was thought to
result in the formation of a void region in the membrane, increasing
the motions of acyl chains, and the bilayer would also become thinner
as a result. This effect was also described by Mecke et al. [99] studying
the interactions between theMSI-78 polymer, an analogue of an antimi-
crobial found in frog's skin, and a DMPC SLB using AFM and NMR.
Interactions between PAMAM dendrimers and asymmetric bilayers
have also been studied. Keszthelyi et al. [98] created asymmetrical
SLBs using Langmuir-Blodgett and Langmuir-Schafer deposition. Sum
frequency generation spectroscopy (SFGS)was used tomonitor interac-
tions between NH2- and COONa- terminated PAMAM dendrimers with
a chain-perdeuterated zwitterionic (DPPC-d62) and anionic (DPPG)
membrane outer leaﬂet. Reduction in\\OH and\\CH band intensities
indicated a displacement of lipids and a change in the ordering of
water molecules in the hydration layer at the bilayer interface. Posi-
tively charged G5-NH2 was found to cause more disruption than nega-
tively charged G4.5-COONa to both the DPPC and DPPG outer leaﬂet
evident from a larger reduction in the\\OH band, as well as increasing
the ordering of alkyl chains compared to G4.5-COONa. The expansion of
existing defects by positively charged dendrimers was also found by
Hong et al. using AFM as discussed previously [65], who also found
that the dendrimers preferentially interacted with the ﬂuid phase and
not with the gel phase; whereas Keszthelyi et al. showed the opposite,
i.e. dendrimers preferentially interacted with the gel phase.
In summary, interactions between PAMAM dendrimers and SLBs
have been studied using various techniques including AFM, NR, QCM-
D, DSC and Raman spectroscopy. Most of these studies have found
that higher generation dendrimers cause more disruption to SLBs than
lower generations. AFM has been used to visualise the pore formation
in SLBs caused by the removal of mass by dendrimers. Mass removal
from the SLBs was found to increase with dendrimer concentration
and generation and resulted in the formation of dendrimer-lipid aggre-
gates. The size of these dendrimer-lipid aggregates has been measured
using DLS and it was found that lipid bilayers wrap around higher
generation dendrimers (>G5) forming ‘dendrisomes’. Using NR,
dendrimers have been found to translocate through SLBs, which indi-
cates the possibility of passive transfer through cell membranes as sug-
gested by in vitro studies discussed in Section 3 [57]. The energetics of
these interactions has been explored using DSC and Raman spectros-
copy, revealing changes in the ﬂuidity of lipid acyl chains in the pres-
ence of dendrimers dependent upon dendrimer generation and
charge. The effect of lipid and dendrimer charge on SLB-dendrimer
interactions has also been explored using sum frequency spectroscopy
and varying the composition of SLBs and terminal groups of dendrimers.
It was found that positively charged dendrimers caused more disrup-
tion to neutral or positively charged membranes than negatively
charged dendrimers. Disruption of bilayers by dendrimers was shown
to be dependent on the ﬂuidity of the lipid membrane, with ﬂuid
phase regions being more disrupted by dendrimers than gel phase
regions. Membrane ﬂuidity is linked to membrane composition which
can vary within different organelles within a cell (mitochondria,
nucleus etc.), cell type (for example cancer cells have more ﬂuid mem-
branes compared to non-tumor cells) or during cell processes such as
morphogenesis when some types of specialized cells form different
types of tissues. Therefore, it is important to understand how ﬂuidity
and composition effect interactions with dendrimers for biomedical
applications.
4.2. Interactions between PAMAM Dendrimers and Langmuir monolayers
Langmuir monolayers are made up of one leaﬂet of a lipid at the
liquid-air interface, typically formed by spreading lipids dissolved in a
volatile organic solvent onto an aqueous subphase within a Langmuir-
Blodgett trough. As the monolayer is compressed, a surface pressure
(π) versus surface area (A) isotherm is recorded and the phase (oraggregation state) of the lipids at different surface pressures can be
determined. The derivative of this curve can be used to ﬁnd the mono-
layer elasticity or ﬂuidity [100]. The composition of the monolayer can
be tuned, and the packing of the monolayer can be adjusted by varying
the surface pressure, allowing the effect of different nanoparticles on
the monolayers of different designated properties to be studied. These
monolayers can be observed usingﬂuorescencemicroscopy or Brewster
anglemicroscopy (BAM), and additionally themonolayers can be trans-
ferred to a substrate, such as mica, at a designated surface pressure to
create supported monolayers or SLBs. There have only been a small
number of studies on interactions between PAMAM dendrimers and
Langmuir-monolayer models. However, monolayers have been widely
used to explore interactions with other nanoparticles, including gold
[101] and silica [102] as well as pharmaceuticals [103].
Cancino et al. [104] investigated the interactions between PC mono-
layers and G2 PAMAM dendrimers, single walled carbon nanotubes
(SWCNT) and dendrimer-SWCNT conjugates (G2, G4, G6). The surface
pressure of the monolayer was recorded as a function of molecular
area (π-A) alongside BAM observations and dilatational surface elastic-
ity measurements. The addition of G4-SWCNT and G6-SWCNT to the
monolayers produced similar π-A isotherms to the control DPPCmono-
layers apart from a change in collapse pressure, which indicated little to
no change to the lipid packing but adsorption of the complexes at the
interface. However, compared to the pure lipid monolayers, a higher
compressibility modulus of monolayerswas observedwith the addition
of G2 PAMAM, as well as a shift in the maximum packing (or collapse
pressure) with the addition of G2 PAMAM, SWCNTs and G2-SWCNT
conjugates. These results suggested their incorporation into the mono-
layer, causing the lipid molecules to be less densely packed. Dilatational
surface elasticity measurements showed a decrease in the surface elas-
ticity of all the monolayers due to the incorporation of the dendrimer
complexes. BAM images revealed the formation of new morphologies
in the presence of SWCNTs but not G2-SWCNT complexes. The differ-
ences in interactions between the SWCNT and dendrimer-SWCNT com-
plexes, and the DPPC monolayer remain to be fully understood.
Tiriveedhi et al. [105] studied the effect of G1 and G4 PAMAM
dendrimers on the surface pressure of lipid monolayers (PC and PC/PG
(3:1)). Addition of the dendrimers to the subphase caused an increase
in the monolayer surface pressure Δπ when the initial pressure π0 it is
<30 mN/m (cf. Fig. 4b) which is comparable to pressure experienced
in a biological membrane. This suggested the penetration of the
dendrimers into the monolayer, up to a threshold surface pressure or
a threshold lipid packing density, above which dense lipid packing did
not allow dendrimer incoporation. The threshold surface pressure was
the same for all the monolayer compositions and dendrimer genera-
tions studied. The increase in surface pressure was found to be greater
for the monolayers containing negatively charged PG lipids, indicating
more dendrimers penetrating monolayers containing oppositely
charged lipids. Such lipid layer penetration by dendrimers has also
been reported for SLB systems as discussed in the previous section. A
threshold surface pressure for nanoparticle insertion has also been
observed for other nanomaterials such as gold [101].
More recently, Wilde et al. [106] studied the effect of the concentra-
tion of carboxylate- (G4.5) and amine- (G5) terminated dendrimers on
their incorporation into anionic DPPG monolayers. Both dendrimers
were found to insert themselves into themonolayer at surface pressure
of 21 mN/m, but exhibited differences in surface pressure relaxation, as
the anionic G4.5 dendrimers took longer to equilibrate within the
monolayer. There was little or no dendrimer penetration into DPPC
monolayers at low dendrimer concentration, but it became more pro-
nounced at higher dendrimer concentrations. The addition of sodium
chloride was found to decrease the amount of G4.5 dendrimers pene-
trating DPPG bilayers, possibly due to charge screening. Fourier-
transform infrared spectroscopy (FTIR) conﬁrmed the presence of
PAMAMdendrimers at the lipid-water interface and the adsorption var-
ied considerably with membrane composition. These ﬁndings were
Fig. 4. (a) The change of surface pressure (π) over time of Langmuir monolayers can be monitored with the addition of dendrimers to the subphase. (b) Incorporation of PAMAM
dendrimers into a Langmuir monolayer was shown to depend upon the the initial surface pressure before injection of dendrimers into the subphase. The maximum/threshold surface
pressure of 30mN/m was shown to be the same for G1 and G4 dendrimers; however, G4 PAMAM showed a greater increase in the surface pressure than G2 at lower initial surface
pressure. Isotherm adapted from [105] copyright 2011, with permission from Elsevier.
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actionswith anionic or cationic dendrimers [107]. Interactions between
PEG 20,000 and the monolayers were used for comparison with the
charged dendrimers, and no insertion of PEG into either PG or PCmem-
braneswas observed. PEG has been used previously to decrease the tox-
icity of cationic PAMAM [51, 52] due to decreased insertion into the
membrane and the screening of charges, causing less disruption to the
cell membrane.
Despite the small number of studies undertaken, surface pressure
isotherms of monolayer models have been able to probe interactions
that lead to the insertion of cationic and anionic dendrimers of varying
generation or size. The insertion dynamics has been shown to depend
on the dendrimer charge, size andmembrane composition. Lipidmono-
layer models can also be investigated with AFM once transferred to a
substrate or used to create SLBs and probed with other techniques
such as NR, as was discussed in section 4.1.4.3. Interactions between PAMAM dendrimers and liposomes
4.3.1. Liposomes as model membranes
Liposomes (or vesicles) comprise single or multiple lipid bilayers
that form a capsule enclosing an aqueous compartment, and can be
made using several methods, including lipid thin ﬁlm hydration
(the Banghammethod) [108], reverse phase evaporation, electrophoresis
and using microﬂuidics [109]. The method used can inﬂuence the size
and lamellarity of the liposome, whilst the lipid composition can also
inﬂuence the liposomes size but also its stability, ﬂuidity and charge.
Liposomes are usually divided into sub-groups depending upon their
lamellarity and size as shown in Fig. 5a. Multi-lamellar vesicles (MLV)
are usually polydisperse and consist of several liposomes trapped in-
side each other, forming an onion-like structure. Uni-lamellar vesi-
cles are then characterised by their size: small (SUV) 20–100 nm,
large (LUV) >100 nm and giant (GUV) ~1000 nm. In addition to
being used as cell membrane models, liposomes have been widely
investigated as delivery vectors in drug delivery [109] due to their
ability to encapsulate both hydrophilic and hydrophobic molecules,
their biocompatibility and the possibility of chemical modiﬁcations
for additional functionality.Liposomes can be loaded with a self-quenching dye, such as Calcein,
in the aqueous core to observemembrane disruption by dendrimers via
dye-leakage assays, and the results complement those by cell leakage
assays such as LDH, as described in Section 3. The change in the size
and structure of liposomes in the presence of dendrimers can be moni-
tored by dynamic light scattering (DLS), ﬂuorescentmicroscopy (exam-
ple Fig. 5c), small- and wide- angle x-ray scattering (SAXS/WAXS)
(example Fig. 5b). Differential scanning calorimetry (DSC) can also
reveal changes in the thermodynamic properties of liposomes, as dem-
onstrated in Fig. 5d, such as the liquid-crystalline phase transition tem-
perature and enthalpy.4.3.2. Complexity of liposome-dendrimer interactions: effect of charge,
membrane composition, and dendrimer size and concentration
Zhang and Smith [112] studied the interactions of positively charged
G4–7 PAMAM and poly(lysine) dendrimers with anionic vesicles (3:7
POPE/POPA), using ﬂuorescence assays to observe mixing of lipids and
encapsulated content between vesicles, and leakage of the content.
Lipidmixingwas found to increasewith increasingdendrimer generation,
andwith dendrimer concentration until a maximumbefore decreasing at
higher dendrimer concentration. This concentration dependence was
thought to be related to a maximum surface coverage of dendrimers on
the vesicles that prevented their close approach. G7 PAMAM–DNA conju-
gates, with varying DNA phosphate group to dendrimer amine group ra-
tios, induced different amounts of leakage from the anionic vesicles, with
the maximum leakage/disruption observed at a 3:1 amine to phosphate
ratio. These complexes at this ratio also induced high levels of cell trans-
fection. Thiswas thought to be related to changes in the charge-charge in-
teractions between the conjugates and liposomes and depend highly on
the membrane composition. In addition, the G7 dendrimers were also
found to disrupt PEGylated vesicles by overcoming the hydration barrier
and forcing apposedmembranes tomix. Furthermore, 31P NMRmeasure-
ments showed that the G7 dendrimers induced the inverse hexagonal
phase in the vesicle membranes, conjectured due to electrostatic interac-
tions inducing inverse curvature in regions of the membrane, leading to
packing stresses and enhanced lipid mixing.
Alongside the Langmuir monolayers model discussed in Section 4.2,
Tiriveedhi et al. [105] also studied the changes in ﬂuorescence
Fig. 5. (a) Liposomes are capsulesmade of lipid bilayers and can be catergorised by size, ranging from small (SUV) to giant (GUV) vesicles, and by their lamellar structure, i.e. unilamellar or
multilamellar (MLV). Multiple techniques can be used to study the liposome properties. (b) Small angle X-ray scattering (SAXS) can monitor the change in position and width of Bragg
peaks, related to the change in structure of MLVs. For instance, increasing dendrimer-to-lipid ratio (X) caused broadening of Bragg peaks associated with distruption to bilayer
ordering, with negatively charged (G2.5) dendrimers found to cause more disruption than positively charged (G3) dendrimers. (c) Fluorometry, used in calcein release assays, showed
higher generation dendrimers (G4) caused greater leakage of calcein from SUVs than lower generation dendrimers (G1), and greater leakage occurred from liposomes containing 25%
cationic PG. (d) Differential scanning calorimetry (DSC) showed a concentration dependant change in the phase transtion and pre-transition peaks of liposomes in the presence of G5
dendrimers, indicative of changes in lipid packing and energetics. (e) Cryogenic- transmission electron microscopy (cryo-TEM) can image liposomes and provide information about
their size and morphology, e.g. here in the presence of G6 dendrimers, where liposomes were found to aggregate and were bridged by the dendrimers. (b) Adapted from [107]
copyright 2016, with permission from Elsevier, (c) Adapted from [105] copyright 2011, with permission from Elsevier, (d) Adapted from [110] copyright 2014, with permission from
Elsevier, (e) Adapted from [111] copyright 2010 with permission from the PCCP Owner Societies.
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ing to SUVs of zwitterionic and anionic lipids (PC/PG) as demonstrated
in Fig. 5c. It was found that the dendrimers preferentially bound tomembranes containing negatively charged lipids and released larger
amounts of encapsulated Calcein from those liposomes. It was also
found that G4 caused more pronounced leakage from the liposomes
12 L.J. Fox et al. / Advances in Colloid and Interface Science 257 (2018) 1–18than G1, likely due to its larger charge density causing greater disrup-
tion to the vesicle membrane.
A recent study by Lombardo et al. [107] used zeta potentialmeasure-
ments to ﬁnd the effective charge of DPPC MLVs in the presence of cat-
ionic G3 and anionic G2.5 PAMAMdendrimers. The zeta potential of the
liposomes was found to vary linearly for both dendrimer generations,
up to a threshold concentration where liposomes became saturated
with dendrimers. Effective charge calculations suggested that approxi-
mately half of the dendrimer's surface charge contributed to the zeta
potential, and this was rationalised by assuming dendrimers partially
embedded in the bilayer. Bragg peaks from SAXS measurements,
shown in Fig. 5b, revealed that there was no change in d-spacing (or
bilayer thickness) of the MLVs upon dendrimer addition. However,
broadening of the peaks with increasing dendrimer concentration indi-
cated a loss in the number of bilayers, and this effect was also observed
by Berenyi et al. with G5 dendrimers interactingwith DPPCMLVs [110].
The bilayers in onion-like MLVs experience van der Waals, hydration
and thermal undulation forces. The addition of dendrimers resulted in
the repulsion of charged bilayers leading to decreased correlation, and
eventually the formation of uni-lamellar vesicles. The negatively
charged, G2.5 dendrimers were found to cause more perturbation
than positively charged, G3 dendrimers. Adding the dendrimers at dif-
ferent stages in the production of liposomes was found to impact the
dendrimer-liposome interactions. When dendrimers were added to
extruded liposomes, aggregation occurred as demonstrated by Akesson
et al. [111].
Kelly et al. [113] used a combination of isothermal titration calo-
rimetry (ITC), DLS, AFM, TEM and molecular dynamics (MD) simula-
tions to explore the interactions between G3–9 PAMAM dendrimers
of different surface chemistry and liposomes made with zwitterionic
and anionic lipids (DMPC and DMPG, respectively). Changes in
enthalpy were observed only when dendrimers were titrated into lipo-
somes made from anionic lipids. The heat release per dendrimer
increased as these liposomes aggregated, and this continued up to a
plateau at which point there were no more free lipids available to
bind to the dendrimers. The binding stoichiometry of the dendrimers
on liposomes was found to be generation dependent. For instance,
larger dendrimers (>G6) could be completely wrapped in a lipid
bilayer (c.f. Fig. 7b), whereas smaller dendrimers could not. Fig. 7c
shows the enthalpy change and the binding stoichiometry (i.e. the
number of lipids per dendrimer) for increasing dendrimer generation
(or number of terminal amine groups). This was compared with MD
simulations, which showed that low generation (<G4) dendrimers de-
formed and ﬂattened on the bilayers (c.f. Fig. 7a), as proposed previ-
ously by Klajnert and Epand [114].4.3.3. Lipid-dendrimer interactions: adsorption, intercalation, bridging,
complexation, and ‘Dendrisomes’
In a solid-state NMR study, Smith et al. [87] found cationic G5 andG7
PAMAM localised in the hydrophobic region of zwitterionic DMPC
MLVs, which led to increased acyl chain ordering and decreased chain
ﬂexibility. The lipid tails intercalated into the G5 dendrimers, but the
more closely packed surface groups of the G7 dendrimers suppressed
the lipid penetration.
Åkesson et al. [111] found that adsorption of G6 PAMAMdendrimers
to the surface of cationic liposomes (POPC/POPG) caused bridging
attraction and aggregation between the liposomes, demonstrated in
Fig. 5e. Cryo-TEM revealed that the dendrimers did not penetrate into
the liposome innerwater core, and that the distance between the aggre-
gated liposomes corresponded to the dendrimer diameter, indicating
that the liposomes were bridged by a single layer of dendrimers. The
liposomes became destabilized at high dendrimer concentrations, likely
due to the change in curvature introduced by the dendrimers making
the vesicle architecture unfavourable, an effect modelled by Kelly et al.
[113] and discussed above.Using Calcein leakage assays, Karoonuthaisiri et al. [115] found
that vesicle disruption was caused by vesicle aggregation, which
was dependent upon membrane composition. The presence of
DOPE, a lipid that prefers negative membrane curvature, in the
membrane increased the extent of disruption by the dendrimers.
It was suggested that membranes containing such lipids can
wrap around large dendrimers to form ‘dendrisomes’. The bending
modulus was decreased in the membranes containing these lipids,
which would allow the vesicles to deform more easily. Larger
vesicles were more disrupted than smaller vesicles, attributed to
distortions caused by vesicle aggregation. Unusually, the largest
disruption was found at an intermediate dendrimer concentration,
possibly due to the formation of a steric barrier by the adsorbed
dendrimers to prevent vesicle aggregation at high surface coverage
of the dendrimers, consistent with the observation reported by
Zhang and Smith [112].
4.3.4. Thermodynamic insights: effect of dendrimers on membrane ﬂuidity
and phase transition
A DSC study by Klajnert and Epand [114] showed that G3 PAMAM
dendrimerswith three differing terminations, amine (NH2), hexylamide
(CH3) and 50% N-(2-hydroxydodecyl) (or 50% C12), affected the phase
transitions and particularly the pre-transitional enthalpy in DPPC
MLVs and DMPC SLVs. The pre-transitional enthalpy was lowered
with the addition of dendrimers, indicating the transition between the
rippled and lamellar gel phase was modiﬁed, this was likely due to the
insertion of dendrimers into the bilayers effecting the cooperativity.
How the dendrimers were added also inﬂuenced the thermotropic
behaviour of the liposomes. For example, mixing dendrimers and lipids
before hydration in the Bangham method (Method A; Fig. 6a) resulted
in a symmetrical DSC transition peak, which indicated a uniform distri-
bution of the dendrimers in the membranes. On the other hand, addi-
tion of the dendrimers during the hydration of the pre-formed lipid
ﬁlm (Method B; Fig. 6b) and addition to pre-formed vesicles (Method
C; Fig. 6c) resulted in less penetration of the dendrimer into the multi-
layer vesicles, as indicated by asymmetrical transition peaks. C12 hydro-
phobic tails on 50% of the dendrimer periphery groups resulted in a
more rigid, spherical particle, which causedmore disruption to the lipo-
somal membranes, shown in Fig. 6d. Hexylamide terminated
dendrimers were thought to cluster at high concentration resulting in
fewer interactions with the membrane, therefore the disruption did
not increase with concentration for this functionalisation as is depicted
in Fig. 6e. At low concentration these ﬂattened dendrimers may incor-
porate in the hydrophobic portion of the bilayer, without causing
much disruption.
Berenyi et al. [110] found that G5 PAMAM altered the pre-transition
DSC peak of DPPC MLVs, shown in Fig. 5d, which indicated an interac-
tion between dendrimers and the lipid polar headgroups and an
increase inmembrane ﬂuidity, also conﬁrmed by infrared spectroscopy.
This demonstrated that the dendrimers effected the hydration level of
the lipid interface and introduced a conformational disorder in the
alkyl chain region. SAXS showed Bragg peaks due to the lipid bilayer
were broadened when the MLVs were doped with 10−2 ratio of
dendrimers to lipids, indicating a reduction in the number of bilayers
in the MLVs, consistent with DSC measurements. A complex Bragg
peak was observed in the SAXS pattern at 25 °C, corresponding to a
highly swollen lamellar phase. The increased layer spacing was attrib-
uted to dendrimers embedding in the water shells between bilayers or
increased electrostatic repulsion between the layers caused by embed-
ded dendrimers. At 46 °C a larger bilayer spacing suggested shape
change of dendrimers when interacting with gel/liquid crystalline
phases, as observed in MD simulations from Kelly et al. [116] and
discussed further in Section 4.4.
In summary, liposomes have been used as model membranes in a
number of studies to investigate their interactions with PAMAM
dendrimers. By using a range of techniques from SAXS to DLS the
Fig. 6. Proposed model for interactions between MLVs and G3 PAMAM dendrimers with different functionalisation. Combining G3 dendrimers with lipids at different stages in MLV
production resulted in differences in the thermotropic behaviour of the liposomes, measured using DSC. Amine terminated dendrimers added during the production of a lipid ﬁlm
before hydration (Method A; a), were uniformly distributed throughout the vesicles, resulting in a symmetrical DSC transition peak. Amine terminated dendrimers added during the
hydration of the ﬁlm (Method B; b) and to pre-formed MLV vesicles (Method C; c) produced asymmetrical transition peaks, indicative of less dendrimer penetration through the
membranes. Dendrimers with 50% hydrophobic C12 groups on the periphery (d) were found to cause more disruption to the vesicle membranes, whereas dendrimers with
hydrophobic hexylamide terminations (e) had weaker interactions with the membrane due to aggregation of the dendrimers. Adapted from [114] copyright 2005, with permission
from Elsevier.
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been measured in the presence of varying concentration, size and
charge of PAMAM dendrimers. Energetic changes in the liposomes
liquid-crystalline transitions in the presence of dendrimers was also
studied using DSC. These studies have been able to elude to how
the physicochemical properties of dendrimers, including surface
functionality and size, have affected their interactions with lipid
vesicles of varying composition and lamellarity. The charge of theFig. 7. (a) Flattened dendrimer model, and (b) dendrimer-encased vesicle model of dendrim
dendrimers deformed against the bilayer and promoted membrane curvature. G5 and G7 are
determined binding stoichiometries for the dendrimer-lipid complexes compared with the e
2009 American Chemical Society.dendrimers and composition of the liposomal membranes was
found to play a major role in these interactions. The functionalisation
of the dendrimer has been found to change its overall shape and
rigidity, which in turn inﬂuences its interactions with a ﬂexible
membrane. The amine-terminated dendrimers can deform against
a bilayer or substrate as suggested by computational studies [116]
and observed through AFM [117, 118], reducing the structural
disruption of the bilayer.er-lipid complexes. Larger dendrimers (>G6) were encased by lipids, whereas smaller
coloured red, the hydrophilic headgroups blue, and the hydrophobic tails grey. (c) ITC-
xpected stoichiometry of these models. Adapted with permission from [113]. Copyright
Fig. 8. Snapshots of atomistic MD simulations between DMPC bilayers and G3 PAMAMwith various terminal groups including protonated amine (G3-NH3+), neutral acetamide (G3-Ac),
and deprotonated carboxylic acid (G3-COO−). The simulations reveal the differences in the morphologies of dendrimers interacting with either gel or ﬂuid phase bilayers. Adapted with
permission from Kelly et al. Copyright 2008 American Chemical Society.
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model membranes
Computational simulations can contribute to understanding the
complex dynamics and energetics during membrane penetration and
endocytosis, with high spatial and temporal resolution, although it
remains a signiﬁcant challenge to construct realistic models and simu-
late endocytosis on a realistic timescale and with sub-molecular reso-
lution. For example, molecular dynamics (MD) simulations can
calculate precise mechanistic details from several angstroms to hun-
dreds of nanometres. The model is deﬁned by a force-ﬁeld that
describes electrostatic, van der Waals and bond interactions for an all
atom or a coarse-grained (CG) model. However, the former is compu-
tationally expensive and time consuming, whereas CG simulations
cluster atoms and molecules into beads to reduce computational
demand. For example, a lipid molecule can be divided into 3 beads or
into membrane ‘units’ to model interactions with larger particles. The
system is virtually reproduced, considering many physical and chemi-
cal parameters. Mechanistic information, such as dendrimer penetra-
tion and pore formation, can be obtained from atomistic models
alongside quantitative free energy calculations. Coarse-grained models
can be used to explore the wrapping of the bilayer around dendrimers,
or the translocation of dendrimers through the membrane. Lee and
Larson provided a review of several computational models of interac-
tions between dendrimers and bilayers or polyelectrolytes [119].
Here we will discuss the important results from those studies and sev-
eral more recent examples.
4.4.1. Atomistic simulations
In 2005, Maiti et al. [120] ran atomistic simulations of G4–6 PAMAM
dendrimers inwater to calculate their radius of gyration. They also stud-
ied the effect of pH on water diffusion around the dendrimer and its
effect on binding to other molecules. Mecke et al. [118] simulated inter-
actions between PAMAM dendrimers and mica surfaces, ﬁnding the
ﬂattening of PAMAM dendrimers against mica, with the ﬂattening
being more profound with highly charged dendrimers. This ﬂattening
effect was described experimentally by Hong et al. [65] and was
discussed in Section 4.1.Kelly et al. [116] used atomistic MD simulations, alongside ex-
periments discussed in 4.3, to investigate the molecular structures
of PAMAM dendrimers binding to DMPC bilayers with three differ-
ent terminations: protonated amine, neutral acetamide, and
deprotonated carboxylic acid (Fig. 8). They also investigated the
effect of the liquid-crystalline phase of the lipid bilayer (ﬂuid or
gel) on the binding of G3 dendrimers, relevant to endocytosis
mechanisms, lipid removal and the formation of membrane
pores. Dendrimers bound to the ﬂuid phases kept their spherical
shape, whereas dendrimers bound to the gel phases ﬂattened and
formed over twice as many dendrimer-lipid contacts. All termina-
tions of dendrimers also intercalated into the bilayer in the ﬂuid
phase, but not in gel phase. The lipids in the ﬂuid phases
rearranged so that the hydrophobic regions of the dendrimer
could be accessed by the lipid tails and the polar dendrimer re-
gions had polar lipid headgroups nearby. Dendrimer binding to
ﬂuid over gel phases was found to be inﬂuenced by the inner
dendrimer structure rather than the termination. This was
interesting as several experimental studies found differences in
interactions between dendrimers and SLBs in different crystalline
phases [65, 88, 98].
Kim et al. [121] used atomistic models to study the interactions
between a G3 PAMAM dendrimer and both zwitterionic (DPPC) and
anionic (POPG) bilayer membranes. Van der Waals interactions were
dominant for the DPPC membrane interactions. Electrostatic interac-
tions pulled the G3 dendrimer into the headgroup region of the POPG
bilayer, causing perturbation in the membrane and the dendrimer to
change shape and ﬂatten against the bilayer. However, this model did
not consider the curvature of the membrane induced by the change in
surface tension of the membrane leaﬂets by incorporation of the
dendrimer.
4.4.2. Coarse-grained simulations
A CG model was developed for cationic and neutral G3–7
PAMAM dendrimers by Lee and Larson in 2006, [122] so that
multiple dendrimers could be simulated interacting with lipid
bilayers. Simulations using these models interacting with DMPC
bilayers found that cationic G5 and G7 dendrimers caused pore
Fig. 9. Snapshots of a top view and side view during MD simulations of DMPC bilayers and G5 and G7 dendrimers, both acetylated and un-acetylated and at varying density. Grey
dots represent dendrimers and green dots represent the headgroups of the DMPC bilayer. Un-acetylated dendrimers that were initially clustered together did not aggregate
and instead repelled each other due to the repulsive interactions between their terminal groups. High generation dendrimers were found to cause pore formation due to
signiﬁcant bending of the membrane. The pore formation was dependent upon the generation and the number of dendrimers present on the membrane. Reprinted with
permission from [122]. Copyright 2006 American Chemical Society.
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dendrimer clustering, concentration and acetylation on DMPC
bilayers [123] were also studied, and snapshots of these
simulations are shown in Fig. 9. The higher charge densities of
high generation NH2-terminated dendrimers initiated pore
formation, whereas neutral dendrimers were found to cluster to-
gether and did not form pores. This correlates with pore forma-
tion caused by high generation dendrimers in SLBs as discussed
in Section 4.1.
Tian and Ma [124] used CG simulations to study the effect of pH on
the interactions between G2–4 PAMAM dendrimers and DPPG:DPPC
(1:3) bilayers. G4 was found to adsorb to membranes in physiological
conditions and cause pore formation and the formation of an asymmet-
ric bilayer in acidic conditions. Lin et al. [125] used CGMDsimulations to
study G3, G5 and G7 neutral PAMAM dendrimers interacting with a
zwitterionic DPPC monolayer. Both G5 and G7 had structural effects of
the monolayer. When compressed, DPPC formed microdomains of agel phase, and interfacial molecules went from a coexisting phase
liquid-expanded (LE) and liquid-condensed (LC) to a pure LC phase.
However, with the addition of neutral G5 or G7 PAMAM dendrimers
this phase transition was supressed or reversed. These results correlate
well with the monolayer experimental studies discussed in Section 4.2,
showing changes in molecular packing in the presence of PAMAM
dendrimers.
The interactions between cationic G4 and G5 PAMAM dendrimers
and asymmetric DPPC/DPPE/DPPS membranes have also been studied
by He et al. using CG simulations [126]. When the outer leaﬂet of the
membrane contained 10% DPPS and the inner leaﬂet contained 50%
DPPS, it was found that the G4 dendrimer inserted into the outer mem-
brane and theG5dendrimer caused pore formation. Both generations of
dendrimer only adsorbed to the inner side of the membrane. As the
asymmetry of the membrane increased, the G4 dendrimer could pene-
trate further into the membrane. At 50% DPPS the G4 dendrimer could
translocate from the outer to the inner leaﬂet. This study highlights
16 L.J. Fox et al. / Advances in Colloid and Interface Science 257 (2018) 1–18the impact of membrane asymmetry, which is found in most cellular
membranes, on interactions between bilayers and dendrimers. It also
highlights the ability of dendrimers to translocate passively through
cellular membranes, as observed by several others experimentally
[14, 57, 85].P
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SW5. Summary and outlook
The precise control over PAMAMdendrimers physicochemical prop-
erties including size and surface functionality have made them ideal
candidates for a range of biomedical applications from imaging agents
to gene transfection vectors. However, uncertainties in the effect of
these properties on the cytotoxicity and endocytosis mechanisms have
hindered this progress. Model membranes such as supported lipid
bilayers, Langmuir monolayers and liposomes have been used to as
modelmembranes to study their interactionswith PAMAMdendrimers
using a range of rigorous physical techniques. By varying the composi-
tion, and hence charge and phase behaviour, different cellular mem-
brane systems have been modelled. PAMAM dendrimers have been
found to alter the structural properties of lipid membranes in a size,
charge and concentration dependant manner. High generation
dendrimers (>G4) can cause pore formation and strip lipids from the
membranes, whereas low generation dendrimers (<G5) have been
found to intercalate or adsorb tomembrane surfaces. These interactions
are further governed by electrostatic interactions between cationic or
anionic terminated dendrimers and charged membrane lipids, with
charge-terminated dendrimers resulting in greater disruption to the
membranes than neutral dendrimers. Disruption in membrane packing
and pore formation has also been shown to vary with concentration.
The presence of large numbers of dendrimers increases the number of
dendrimer-lipid interactions, while decreasing the number of lipid-
lipid interactions, leading to de-stability. The effect of steric crowing of
surface groups on high generation dendrimers made them rigid and
less deformable than lower generation dendrimers. Low generation
dendrimers have been found to deform against the membrane, ﬂatten-
ing and increasing the number of charge-charge interactions whereas
the inﬂexibility and high charge density of high generation dendrimers
resulted in increased membrane curvature.
Future challenges include the extension of these membrane models
to better represent living systems and become more biologically rele-
vant. These membrane models have also focussed on the effect of
PAMAM physicochemical properties on the physical structure of, and
insertion into, cellular membranes. Further questions have arisen from
these studies and are yet to be answered. For example, how do
PAMAM improve DNA transfection and what are the mechanisms
involved? Initially, this has been shown to be inﬂuenced by the ratio
of PAMAM dendrimer terminal amine groups to DNA groups. Further-
more, the energetic barriers involved in phase transitions have shown
to be inﬂuenced by PAMAM dendrimers, but the dendrimers' role
remains unclear. Many groups have measured changes to the ﬂuidity
of the acyl chain region, but it remains unclear where the dendrimers
are located within the bilayers. Interactions between lipid mesophases
and PAMAM dendrimers, measured using SAXS, may be able to elude
to an answer. By studying the change in transition temperature or pres-
sure as a function of dendrimer concentration, this energetic change
may be better understood. The molecular deformations involved in
membrane fusion are identical to those found in thesemesophase tran-
sitions and further study on thismay also be able to give physical insight
into endocytosis mechanisms. Finding the location of dendrimers
within these model bilayers by use of freeze fracture TEM or confocal
microscopy may help to give conformation of the positioning of these
dendrimers within bilayers. An understanding of how dendrimer phys-
icochemical properties inﬂuence interactions with cells could pave the
way for intelligent drug carrier design, improving the effectiveness
and speciﬁcity of drugs.Acknowledgements
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List of abbreviationsAMAM polyamidoamine
1, G2 … generation 1, generation 2…
B supported lipid bilayer
LV multi-lamellar vesicle
V small unilamellar vesicle
V large unilamellar vesicle
UV giant unilamellar vesicle
OS reactive oxygen species
UNEL terminal deoxynucleotidyl transferase (TdT) dUTP nick-End labeling
TT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromidefor
H lactate dehydrogenase
c luciferace
IP-2 mouse macrophage inﬂammatory protein 2
-6 interleukin-6
NF-α tumor necrosis factor alpha
BTS 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
CF 2′,7′-dichloroﬂuorescein
CS ﬂuorescence activated cell sorting
T-PCR reverse transcription polymerase chain reaction
O/EB acridine orange/ethidium bromide
E phosphatidylethanolamine
S phosphatidylserine
C phosphatidylcholine
A phosphatidic acid
G phosphatidylglycerol
I phosphatidylinositol
OPC 1,2-dioleoyl-sn-glycero-3-phosphocholine
OPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
PPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
PPS 1,2-dipalmitoyl-sn-glycero-3-phosphoserine
PPC-d62 1,2-dipalmitoyl-d62-sn-glycero-3-phosphocholine
PPG 1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol)
MPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine
MPG 1,2-dimyristoyl-sn-glycero-3-phospho-(1′-rac-glycerol)
OPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
OPA 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate
OPE 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
OPG 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol)
FM atomic force microscopy
LS dynamic light scattering
RR X-ray reﬂectivity
R neutron reﬂectivity
CM-D quartz crystal microbalance with dissipation monitoring
SC differential scanning calorimetry
AM Brewster angle microscopy
XS/WAXS small angle X-ray scattering/wide angle X-ray scattering
P NMR phosphorus-31 nuclear magnetic resonance
D molecular dynamics
G coarse-grained
ryo-TEM cryogenic transmission electron microscopy
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